A strategy for measuring Neiseria gonorrhoeae attachment and invasion in the human Fallopian tube organ culture ( m c ) model via computerized image analysis (CIA) combined with "digital" confocal microscopy (DCM) was tested. DCM on serial image stacks of fluorescent latex beads reduced out-of-focus light propagation in theZ-axis @<0.005) and improved the shape factor of lateral three-dimensional reconstructions of the beads @<0.001). Sections of tissue infected for 44 hr with piliated, Opt+ gonococci were stained with fluorescein-labeled monoclonal a n t i -g o n d antibodies, rhodamine-labeled phalloidin, and Hoechst 33342. Serial images collected at identical focal planes for each fluorochrome were subjected to DCM. Epithelial cytoplasmic regions of interest defied by rhodamine-stained actin
Introduction
The interaction of microbial pathogens with host tissues is described in terms of adherencelattachment, damage, and invasion. An increased ability to attach does not invariably lead to increased invasion. These two events may be mediated by single or multiple microbial factors (1). Attempts to sort out the role of putative attachment and invasion factors of Neisreriagonorrhoerze (GC) have utilized a variety of cell types and models, many of which use resistance to killing by extracellular agents, such as gentamicin, to distinguish extracellular from intracellular bacteria (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Results of these investigations have not been uniform with different cell types (6, 12, 13) , so extrapolation of these data to infections of natural target tissues is difficult.
In the absence of definitive animal models, the mostly qualitative studies of GC pathogenesis in natural target tissues have uti- (14-18). Because epithelial cells are only a smdl proportion of the cells in the organ culture, there are uncertainties in the relationship of the denominators of GC/total cell number or GClmg protein ratios to the actual number of epithelial cells. This makes the model less amenable to the gentamicin-killing technique. Area measurements of invasive fluorescein-stained GC in micrographs of infected tissue by computerized image analysis have been used with the FTOC model of gonococcal salpingitis (19), but measurement of adherent extracellular GC has been prohibited by technical considerations. The propagation of light from out-of-focus regions of the specimen due to the narrow depth of field of the objective lens (20) and small degrees of oblique sectioning (19) make it difficult to determine if fluorescent GC that appear near the apex of cells lie within the cells or on the slightly slanted surface of an obliquely sectioned cell.
Out-of-focus light can be removed implicitly by blocking it with slits or pinholes, as in laser confocal microscopy, or explicitly by computational means (20) , sometimes termed digital confocal microxopy or deconvolution. The result of blurred light removal is a much thinner higher contrast "optical section." These sharply focused optical sections permit three dimensional reconstruction of 297 microscopic images (20, 21) . In the present study, the attributes of digital confocal microscopy in conjunction with computerized image analysis were explored in the context of gonococcal infection of the human FTOC model of gonococcal salpingitis. By using deconvolved images, strategies for measuring the total epithelial cell-associated GC and the intracellular subset of GC were designed.
Materials and Methods
Microorganism. Nezsseria gonowboeae strain RI0 was used in these studies (22) . A piliated, Opa'variant was selected as previously described (19) .
Fallopian Tube Organ Culture Model. Procedures for the preparation, maintenance, and processing of FTOCs have been described previously (14, 23, 24) . Procurement of tissue from pathological specimens was in accordance with institutional policies at participating hospitals. After a 44-hr infection period with an inoculum of GC (2 x lo6 CFU/ml) the tissue was fixed in 95 % ethanol/5% acetic acid (v/v) overnight at 4'C, dehydrated in absolute ethanol (four times for 1 hr at 4'C). cleared in xylene (three times for 1 hr at 4'C). embedded in paraffin at S6'C by the method of Kutteh et al. (24) . and cut into 5-pm sections (19.23) .
F'luoreiccnce Staining. Slides were stained with fluorescein-labeled antigonococcal antibodies (Syva; Palo Alto, CA) as previously described (19, 25) .
Factin was stained with rhodamine-labeled phalloidin 5 pg/ml in PBS (Sigma; St Louis, MO) for 20 min at 22'C. The slides were washed in PBS, rinsed in distilled water, dried, and then stained with Hoechst 33342 10 pM in PBS (Sigma) for 60 min at 22°C to visualize epithelial cell nuclei. The proprietary phosphate-buffered mounting medium contained a photobleaching retardant (Syva).
Imaging Hardware and Software. A Zeiss Axioskop equipped with Nomarski DIC optics and epifluorescence filter sets 487910, 487901, and 487915 was used to vim DIC images, fluorescein-, Hoechst-, and rhodaminestained images (Carl Zeiss; Oberkochen. Germany). Focus was computercontrolled with a Z-axis focusing motor (Ludl Electronic Products; Hawthorne, NY). Imaging hardware consisted of a Pulnix cooled CCD camera (Pulnix America; Sunnyvale, CA), a Matrox MVP-AT 8-bit digitizing board (Matrox Electronic Systems; Dorval, Quebec, Canada) installed in a Gateway 2000 486/33 personal computer (Gateway 2000 North Sioux City, SD), and a Panasonic 1-gigabyte rewritable optical disk drive for image storage (Matsushita Electric Industrial Co.; Osaka, Japan). Software packages for manipulation of microscopic images included Image-1 (Universal Imaging; West Chester, PA) for automation of image acquisition, contrast enhancement, and measurement; Microtome AT (Vaytek; Fairfield, IA) for out-offocus haze removal using the nearest neighbor deconvolution algorithm (20.26) ; and VoxBlast AT (Vaytek), a volume-rendering program that utilizes a back propagation-weighted average algorithm for three-dimensional reconstruction of image stacks (27) . Hard copies of images were made with the Polaroid CI-5000 Digital Palette film recorder (Polaroid; Cambridge, MA).
Fallopian Tube Image Acquisition and Processing. Camera gain, contrast, and black level were optimized manually before image acquisition and remained constant during image acquisition. Image averaging with background subtraction was utilized. Regions of tissue for analysis were selected with Nomarski DIC microscopy. Epithelial regions in which the cells were cut in cross-section or in an oblique fashion, resulting in a stratified, multiple cell-thick appearance of the epithelium. were excluded from further study (19) . Serial images were digitized at 0.5-pm focal plane intervals (Z-axis direction) with the fluorescein filter set in place under Nomarski DIC brightfield illumination and then in the identical focal planes under epifluorescence illumination for each of the filter sets. Image registration for other filter sets was documented for each image stack or corrected interactively as needed by overlaying the initial Nomarski DIC image obtained with the fluorescein filter set in place on the corresponding live Nomarski DIC image at the same focal plane with the other filter sets in place. Images were subjected to digital confocal processing with the following parameters: 94% haze removal, 1.3 numerical aperture x 100 objective lens, 1.518 refractive index immersion oil, and wavelength settings as appropriate for the barrier filters through which the light passed before detection. Most of the contaminating out-of-focus haze in an image is derived from the focal planes immediately above and below the image. To remove the haze contributed by these nearest neighbor focal planes, the nearest neighbor algorithm uses a parameter called the point spread function (PSF), a mathematical description of the manner in which the microscope objective lens blurs out-of-focus light. The PSF is also dependent on numerical aperture and wavelength of light (see ref. 20 for a mathematical description). By using the PSF, the computer calculated how light from images immediately above and below the image of interest was blurred, and then subtracted the blurred light (multiplied by a constant "c") from the middle image, resulting in a sharply focused image free of most of the contaminating out-of-focus haze in the original (20, 26) . Percent haze removal is selectable in the software and is equivalent to 100% x 2 x the adjustable constant "c" (usually .45 to . 5 ) in the "nearest neighbor equation" (20) . After deconvolution, a mouse-driven cursor was used to outline the basal and apical extent of a contiguous stretch of epithelial cells on the Nomarski DIC member of each confocal focal plane. This template was superimposed on the corresponding rhodamine-stained actin image to verfy that the template touched intracellular regions at all points. It was moved and modified as needed and saved.
Measurement of cell-associated vs Jnuacellular Bacteria. The computer was calibrated with a stage micrometer (Zeiss). Fluorescein-stained objects were segregated into specific and background fluorescence categories using a gray-scale threshold (19) . Fluorescent areas associated with the region of interest template were measured using two different border treatments and a minimal size measurement filter (0.25 pmz): (a) All cell-associated bacteria were measured by including any fluorescent objects that were within or touching the template; and (b) only intracellular bacteria were measured by including only those fluorescent objects that were within the template border but not touching it (erase border mode). The difference between these two measurements represented the extracellular cell-associated bacteria. The measured area of fluorescent bacteria was expressed as a ratio of fluorescent bacterial area:total intracellular area measured (19) or as a ratio of fluorescent bacterial area:cell. To express the area of fluorescent bacteria on a per cell basis, a composite of the enure image stack of Hoechststained images from a given region was constructed (20) by retaining the maximal value at each pixel in pairwise pixel-by-pixel comparisons of all the images in the stack. An actin-defined region of interest template from the middle of the image stack was superimposed on the Hoechst composite, a threshold was applied, and any object so defined was measured and counted, provided its centroid (center of mass) was within the border of the template (centroid exclude mode). The computer used an experimentally determined average standard nuclear size to properly count apparently touching or overlapping nuclei. Likewise, the numbers of GC/cell were estimated by providing the computer with an experimentally determined average standard gonococcal site.
Performance Characterization of Digital Confocal Processing. Fluorescein-coated latex beads 1.90 or 0.95-pm in diameter (Polysciences; Warrington. PA) were suspended in 10% gelatin (Bio-Rad; Richmond, CA) in PBS, dropped on a slide, and examined under oil immersion using the fluorescein filter set. Serial images (0.25-pm intervals) were processed by digital confocal techniques as above, using haze remod of 90%. 94%, and 99%. A horizontal gray-scale intensity linescan was performed at each focal plane on the same 42 pixels in the X (horizontal) direction through the center of each bead. From these data, the variation in the intensity of fluorescence along a line passing through the center of the bead in the Zdirection and a line passing through the center of the bead in the Xdirection as a function of distance was analyzed for each bead. The fall in intensity was linear over the distances in the half-maximal region, so linear regression was used to calculate a line of best fit (28) on each side of each bead in the X and Z directions. The X or Z locations in pm from the origin corresponding to the half-maximal intensity on either side of a given bead (full-width at half maximum) (29) was determined by rearranging equations generated by linear regression and solving for "Distance" from the origin (Eq. 1):
By finding the two locations where the intensity was half-maximal on each side of the bead and knowing the bead size (1.9 pm), the distance from the surface ofthe bead where the intensity was maximal to the point where the intensity was half-maximal was determined for each bead (n = 5) under conditions of different amounts of haze removal in the Xdirection and 2 direction, where DISTANCE 1 is the distance from the origin where the intensity is half-maximal on one side of the bead and DISTANCE 2 is the distance from the origin where the intensity is half-maximal on the other side of the bead (Eq. 2):
Conventional microscopic images obtained with high numerical aperture (NA) objective lenses have a narrow depth of field. The calculated depth of field (30) for light emitted from a fluorescein source in this system is 0.3845 pm (0.4 pm for a rhodamine source, essentially the same). Sources of light within the depth of field will be in sharp focus, and sources of light outside this range (above or below in the Z-axis) will be seen as outof-focus haze. If the intensity ofthis out-of-focus light meets the gray scale threshold criterion for measurement, this light would still be measured.
For a threshold of 127 (in a range of 0 to 255), any object meeting the threshold criteria, including any out-of-focus objects lying as far as the maximal to half-maximal distance above or below the depth of field would be measured, assuming at the extremes of range that the intensity at the object's surface is 254 or 255. Objects with a maximal intensity of less than 254 would reach half-maximal intensity over the same distance as the brighter object, but would reach the measurement threshold of 127 over a shorter distance. This introduces the concept of the "MAXIMAL DEPTH OF MEA-SUREMENT." This parameter naturally depends on the threshold chosen, the maximal intensity of imaged objects, and the effect of digital confocal microscopy on out-of-focus light propagation. We calculated the MAXI-MAL DEPTH OF MEASUREMENT (MAX D.O.M.) in this system, with and without digital confocal processing of the images, assuming a minimal threshold of 127 (Eq. 3):
A large maximal depth of measurement can adversely impact dixrimination of extracellular bacteria from intracellular bacteria when the tissue is sectioned obliquely. Small degrees of oblique sectioning might allow extracellular GC lying on the "slanted roof' of obliquely sectioned tissue to be included with the intracellular subset of bacteria, because they could appear to lie just below the cell surface. This latter problem exists due to the propagation of out-of-focus light in the Z-axis with conventional microscopy. As digital confocal processing decreases the propagation of outof-focus light in the Z-axis, the angle of sectioning must increase to "slant the roof" enough to misdassfy extracellular GC as intracellular. By using the erase border treatment (see above) to measure objects inside but not touching the region of interest template, a worst case error is most likely to occur with a single gonococcus on the surface of obliquely sectioned tissue. Gonococci have a diameter ranging from 0.6 to 1 pn (31) , and typically a grayscale threshold of 120 or higher is wed for a measurement criterion GC DIAMETER DEPTH OF MEASUREMENT t a n e = e was calculated for raw and deconvolved images from the following (Eq. 5):
The average height ofFallopian tube epithelium is 22.5 pm (range 15-20 pm) (32) , and the minimal to maximal height ratio due to sectioning angle for 5-pm thick specimens using our region selection criteria is 0.925 (95% C.I. = 0.912-0.938) (19) . Using these numbers, the average angle of sectioning was calculated via geometric relationships as in Eq. 4.
E&ct of Digital Confocal Microscopy on Z-axis Shape Factor. Image stacks were reconstructed with a view that was 90" to the Z-axis. Images with 99%. 9496, 90%, and no haze removal were optimized interactively by adjusting opacity and gray-scale lookup tables to give the most round appearance possible. The "shape factor" was measured using a gray-scale threshold for each reconstructed image (33) . The shape factor of an object is derived from the perimeter (P) and area (A) of a circle (33) (Eq. 6):
Because a circle has the highest area-to-perimeter ratio of any object, "shape factor" is an index of roundness, with nearly round objects approaching a "shape factor" of 1 and thin objects approaching a value of 0 (33).
Dependence of Area Measurements on Threshold (Raw vs Confocal Images). Six fluorescein-stained images of infected Fallopian tube tissue were randomly selected, and the intracellular area of fluorescence was measured in raw and confocal images (90% haze removal) using gray-scale thresholds ranging from 120 to 200 at 2O-unit intervals. The measurements were expressed as the percent of the intracellular area measured (19) .
Three-dimensional Reconstruction of Fluorescein-, Rhodamine-, and Hoechst-stained Images. Stacks of deconvolved images of infected tissue stained with three different fluorochromes were separately reconstructed as stereo pairs (10' viewing angle). Various lighting models were applied to enhance surface and depth perception. Each image type was stored as an &bit gray-scale image. For each half of a stereo pair, 24-bit composite RGB images of all three fluorochromes were constructed by displaying each &bit image in a separate frame buffer and pseudo-coloring the images red (rhodamine), green (fluorescein), or blue (Hoechst). The resultant image was stored in a 24-bit TIFF "chunky" format.
Statistical Analysis. Data were processed, analyzed, and graphed with SYSTAT for Windows (SYSTAT Evanston, IL). Curves were generated from the maximal to half-maximal distance data by nonlinear regression with hyperbolic modeling (34) (Eq. 7):
Once the coefficients (a and b) were derived from the bead data, this equation was used to calculate values to compare with the measured MAX TO HALFMAX DISTANCE derived from Eq. 2. Statistical differences in parameters measured on fluorescent beads were assessed by repeated measures GORBY analysis of variance (28) . The dependence of area measurements on grayscale thmhold for confocal and raw images was compared by log-transforming the measurements and assessing differences in the slopes of the lines for raw and confocal images (35), using Confidence Interval Analysis software (British Medical Journal; London, UK).
Results

Performance Characterization of Digital Con focal Processing
The gray-scale level of a fluorescent bead was measured through the center of the bead as a function of distance in the X and Z directions (Figure 1) . A comparison of raw and deconvolved data revealed a noticeable increase in the signal-to-noise ratio and a narrowing of the Z-axis smear of light for the deconvolved data. The location of the half-maximal intensity on either side of a fluorescent bead in the X direction at a Z -a x i s focal plane in the middle of the bead (i.e., full width) is depicted in Figure 2 . In general, the deconvolved images had a steeper slope in the falloff of light intensity than the raw images (Figure 2) . This resulted in a smaller apparent bead diameter at half of the maximal light intensity for the deconvolved images. A similar analysis was performed along the Z-axis (not shown). When graphed (Figure 3) , the average distances over which the gray-scale intensity fell from maximal to halfmaximal in the Xand Z directions decreased as more haze was removed. By non-linear regression modeling of Eq. 7, the curve of best fit in the X-axis was (Eq. 8):
(0. Thus, light propagation in the Z-axis was about tenfold higher than propagation in the X-axis. Dfirent amounts of haze removal caused statistically significant overall differences in these distances in both the Xand Zdirections @ = 0.008 a n d p = 0.005, respectively). Figure   4A ). By comparing the average angle of tissue sectioning to the angle required for misclassification of extracellular GC, one condudes that misdassification of single organisms might occur reasonably often with conventional microscopy but not with digital confocal microscopy. The mean shape factor of three-dimensional reconstructions of fluorescent beads "in profile" for raw images was 0.599 (+SE = 0.03) and 0.808 (+SE = 0.003) for 90% haze removal. Both 94% and 99% haze removal reconstructions had mean shape factor measurements of approximately 0.81. The reconstructions of raw images resembled an hourglass on its side, while the reconstructions of digital confocal images were slightly egg-shaped (not shown). Improvement in confocal images was statistically significant by repeated measures ANOVA (p<O.OOl).
The effect of digital confocal processing on the threshold dependence of fluorescent area measurements in tissue was investigated in images of infected Fallopian tube epithelium that had been subjected to no haze removal or 90% haze removal. As the gray-scale threshold was lowered from 200 to 120, the percent of the intracellular area occupied by fluorescent objects in both image sets expanded, with greatest expansion in the raw images. Confidence intervals of 95% for the difference between the two slopes of the log-transformed data did not overlap 0 (C.I. = 0.00061 to 0.0024). indicating that the lines were not collinear. Comparison of a raw to an optimized confocal image in the same focal plane demonstrates the elimination of out-of-focus haze (Figure 5) . 
Strategy for Dzferentiating Cell-associated vs Intracellular GC
Three-dimensional Reconstraction of 24-bit Color Stereo Images
Reconstructions of the relationship of gonococci to Fallopian tube epithelial cells are shown in Figure 7 . Reconstructions could be viewed at various angles, allowing careful assessment of the hostpathogen relationship. By applying different opacity lookup tables, the transparency of fluorescent structures could be varied so that more or less emphasis could be placed on nuclear, cytoplasmic, or bacterial components in the images. Different lighting models added more or less surface detail to the objects. By varying these parameters, a "transcytosis highway" was visualized as a trail of gonococcal masses leading from a large surface macro-colony and terminating in a large basilar vacuole. In some cells the bacteria almost appeared to lie within a pipeline leading from the surface.
Discussion
Qualitative comparison of the raw and digital confocal images of I ! . fluorescent beads and infected tissue revealed significant improvements in the nearest neighbor algorithm-generated digital confocal images as previously shown (20, 26) . The propagation of light from maximal (bead surface) to half-maximal intensity using a more accurate computationally intensive constrained iterative algorithm for deconvolution on 0.2-pm diameter beads was recently reported by Carter et al. (36) , in which they achieved Z-axis resolution that was better than many laser confocal microscopes. In the Z-axis of their system, the full width at half-maximal intensity of the 0.2-pm bead was approximately 0.6 pm or a MAX TO HALF-MAX distance from the bead surface of 0.2 pm, as calculated from Eq. 2. In the X-axis of their system, the MAX TO HALF-MAX distance was 0.025 pm. In the present investigation the actual mean MAX TO HALF-MAX distance for 94% haze removal in the Z-axis and in the X-axis was similar to their system, although slightly inferior. Thus, digital confocal microscopy with the nearest neighbor algorithm achieves results comparable to laser confocal microscopy at a considerably lower cost.
The Z-axis data indicated that an out-of-focus bead could contribute considerable amounts of haze to adjacent focal planes, with light spreading out in an hourglass shape above and below it. Potentially, a significant proportion of the measured light in raw images is out of focus, and the measurement can be falsely expanded. The data comparing raw and digital confocal images using 90% haze remod aptly demonstrated that a relative minimal amount of haze removal significantly decreased the dependence of measurement expansion on threshold choice resulting in more accurate measurements. Several computational algorithms (e.g., nearest neighbor, inverse filtering, and constrained iterative) can remove out-of-focus haze (20, 26, (36) (37) (38) . Although slightly inferior to the constrained iterative algorithm, the simplest and least computationally intensive is the nearest neighbor (20) .
Previously, we used computerized image analysis of photomicrographs to measure GC invasion of Fallopian tube epithelium (19) . However, we were unable to quantitate microbial attachment because we lacked the ability to define the apical cytoplasmic boundary of the epithelium precisely. Even with cytoplasmic staining, small degrees of oblique sectioning might allow extracellular GC lying on the "slanted roof" surface of obliquely sectioned tissue to be misclassified due to the propagation of out-of-focus light in the Z-axis with conventional microscopy. By contrast, geometrical consideration of gonococcal size, the average angle of sectioning (19) , and the shortened maximal depth of measurement due to digital confocal microscopy upholds the validity of the enhanced methodology in this study to distinguish extracellular from intracellular GC. By shape factor analysis (33) . digital confocal microscopy also significantly improves three-dimensional reconstruction of microscopic image stacks. With this more accurate reconstruction in the Z-axis, multiple spectral 24-bit composite images allow the simultaneous investigation of three separate stainable structures in three dimensions without any loss of data that might occur in dithering 24 bits (8 bits x 3) down to 8 bits.
The ability to differentiate extracellular from intracellular GC should allow dissection ofthe contribution of GC outer membrane components to invasion. Existing data indicate that gonococcal Opa proteins mediate attachment in the Fallopian tube (11) and, in some cell lines, invasion (6, 7, 12, 13) . Certain Opas also mediate intergonococcal adherence via interactions with lipo-oligosaccharide (39) . The method presented here can assess this clumping interaction, since more clumping results in measurably larger objects. Models that use bacterial plate count techniques are not optimally suited to assess the contribution of this clumping interaction to invasion, as a clump of several GC may produce only a single colony on agar plates. Moreover, using gentamicin or complement to kill extracellular GC in cell culture models is imperfect, as some protection of GC from killing by associating with the epithelial surface occurs before any internalization, as judged by electron microscopy (83).
By providing standard bacterial sizes, the attachment and invasion capacity of bacteria that differ in site from one another might be assessed and compared with this "standard object size" method e.g., the behavior of gonococci compared to Escherichia coli that produce cloned gonococcal components. The use of digital confocal microscopy combined with border treatment strategies has enhanced the ability to study quantitatively via morphometry and qualitatively via three-dimensional reconstruction the pathogenesis of GC infections in the human FTOC model. Application of these strategies to other systems may facilitate the study of other pathogenlhostcell relationships in intact tissues or organ culture.
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